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Total RNA was purified using the RNeasy Plus Mini Kit (Qiagen Iberia SL) according 155 to the manufacturer. Briefly, 900 µL (STR 1) and 1400 µL (STR 2 and STR 3) of 156 cultivation broth sample were used for RNA extraction. After centrifugation, the pellet 157 was resuspended in RLT buffer and then subjected to bead beating (2 min at 4800 rpm). 158
Subsequently, a series of cleaning/purifying steps were carried out to recover the total 159 RNA from samples. The total RNA obtained was subjected to a DNase treatment using 160 the DNA-free TM To avoid inter-run variation, a standard curve was run in triplicate on each qPCR assay 198 ( Fig. S1 and Fig. S2 ). Serial dilutions spanning 5 orders of magnitude (10 5 to 10 1 pmoA 199 DNA or cDNA copies µL -1 ) of the pmoA standard stock solution (3.9 10 5 copies µL -1 ) 200 were prepared to generate the standard curves. Serial dilutions used for quantification of 201 cDNA from STR 3 spanned 4 orders of magnitude (10 5 to 10 2 pmoA cDNA copies µL -1 ) 202 ( Fig. S1 and Fig. S2 ). The dilution series of standards were prepared once using large 203 volume stock solutions, which were subsequently divided in 12 µL aliquots and 204 maintained at -80°C prior to use, in order to reduce sampling errors during standard 205 curve generation for each qPCR assay and enable calibration across a wider dynamic 206 range (Svec et al., 2015) . . On the other hand, the total nitrogen RE was also 292 higher in STR 1 (31.1 ± 12.0 %) than in STR 2 (10.0 ± 8.4 %) and STR 3 (9.1 ± 8.0 %). 293
These differences among the STRs in terms of N-NH 4 + REs and total nitrogen RE were 294 likely mediated by the higher biomass productivity of STR 1 induced by the continuous 295 CH 4 supply. The different contribution of methanotrophs to NH 4 + oxidation could have 296 also played a key role on ammonia removal. 297
Assessment of process robustness in the continuous and feast/famine STRs 298
PCO 2 gradually decreased during starvation conditions following the sudden shutdown 299 in CH 4 supply, reaching steady-state PCO 2 values of 5.9 ± 1.7 g m -3 h -1 (STR 1), 1.5 ± 300 0.5 g m -3 h -1 (STR 2) and 3.3 ± 1.6 g m -3 h -1 (STR 3) between hour 24 and 120 of the 301 famine period as a result of the endogenous metabolism (Fig. 4) . The unexpected 302 increase in PCO 2 observed from the last sample of the previous feast period (t = -1.7 h) 303 to the first sample of the famine period (t = 0.03 h) in the three units was likely due to 304 the decrease in STR aeration from 8 to 3 L h -1 , which induced a pre-concentration of the 305 residual CO 2 stripped out/generated from the cultivation broth during the first minutes 306 of CH 4 deprivation ( Fig. 4 ). Similar to PCO 2 , pmoA mRNA/DNA ratios stabilized by 307 the end of the famine cycle (from t = 24 -72 h to t = 120 h), although in this case, a 308 gradual decrease of the pmoA transcriptional activity was not observed during the first 309 12 hours of starvation ( Fig. 5 , Table 1 ). An initial decrease in the pmoA mRNA/DNA 310 ratio (2 -3-fold) was observed from t = -1.7 h to t = 0.03 h in the three STRs, followed 311 by the recovery of the preceding ratio at t = 0.25 h in STR 1 or t = 0.5 h in STRs 2 and 3 312 ( Fig. 5, Table 1 ). Subsequently, STR 1 was characterized by another decrease in the ( Fig. 5 , Table 1 ). The pmoA mRNA/DNA ratios in STR 1 decreased to basal levels of 317 expression at an average value of 1.7 10 -4 ± 6.0 10 -5 from hour 24 to 120 ( Fig. 5 , 318 Table 1 ). Interestingly, a pronounced decrease in the pmoA mRNA/DNA ratio was not 319 observed in STR 2 and STR 3 during the first 12 h of starvation, which maintained their 320 pmoA mRNA/DNA ratios almost constant or even slightly higher (STR 3). Hence, ~ 2-321 fold variations in the pmoA gene expression level were recorded in STR 2 (Fig. 5 , Table  322 1) until basal expression levels (4.7 10 -6 ± 1.6 10 -6 ) were reached from t = 24 h to t 323 = 120 h (Table 1) . STR 3 showed a slight increase in the pmoA transcriptional activity 324
(3 higher compared to t = -1.7 h), which initiated at t = 0.25 h and peaked at t = 1.5 h. 325
Then, the pmoA gene expression decreased to basal levels (average ratio of 2.6 10 -6 ± 326 8.2 10 -7 ) from t = 72 h onwards. Overall, the variations in the pmoA mRNA/DNA 327 ratio in the three STRs during the first 12 hours of starvation suggest an early pmoA 328 regulation in response to the sudden CH 4 shutdown until steady-state pmoA 329 mRNA/DNA levels were reached. 330
Similar CH 4 -ECs to those observed prior CH 4 supply shutdown (16.3, 16.8 and 16.1 g 331 m -3 h -1 in STR 1, 2 and 3, respectively) were achieved within the first 1 -2 h following 332 CH 4 supply resumption (Fig. 6) . Similarly, PCO 2 comparable to those recorded under 333 steady state in the previous CH 4 feast period were reached within the first 2 hours 334 following CH 4 supply restoration in the three STRs (Fig. 4) . A transient induction of the 335 gene (sharp increase in the pmoA mRNA/DNA ratio) mediated by the enhanced CH 4 336 availability was observed during the first 12 h -24 h of the feast cycle in the three STRs 337 ( Fig. 5, Table 1 ). Then, the pmoA mRNA/DNA ratios stabilized at basal levels of 338 expression ( Fig. 5, Table 1 ). This expression pattern characterized by a pronounced a return to basal levels of expression, is typical of stress-induced genes. In fact, the gene 341 expression response (induction or repression) after a transient or persistent exposure to 342 stressors finally returns to steady-state levels close to those present in unstressed cells 343 repeated famine stress, since stress conditions not only promote short-term adaptations 391 but may act as a major driving force for evolutionary innovation (López-Maury et al., 392 2008). Some authors have hypothesized that the conserved intracellular ATP that would 393 result from a reduced expression of these genes potentially represents a factor driving 394 faster adaptation of bacteria to stress (Fong et al., 2005) . 395
On the other hand, the differences in basal levels of pmoA transcription between feast 396 and famine conditions were higher in STR 2 and STR 3 (adapted to feast-famine 397 operation) than in STR1 (adapted to continuous operation), which maintained similar 398 pmoA basal expression levels during the feast and starvation periods ( Fig. 5, Table 1 ). 399
The maintenance of high levels of pmoA expression during starvation (even higher than 2017). On the contrary, methanotrophs in STR 2 and STR 3 seem to have adopted a 405 different recovery strategy through fine-tuning of pmoA gene expression regulation 406 acquired due to the repeated exposure to feast-famine cycles. In fact, in addition to the 407 above-mentioned lower basal levels of expression, the regulation of pmoA in 408 methanotrophs from STR 2 and STR 3 was characterized by a decrease in the pmoA 409 mRNA/DNA ratio from the last sample of the famine period (t = 120 h) to the first 410 sample of the feast period (t = 0.03 h). However, pmoA expression rapidly recovered 411 fifteen minutes later (t = 0.25 h) (Table 1). It seems that the de novo synthesis of pmoA 412 transcripts decelerated immediately after the resumption of CH 4 supply in order to 413 maximize ATP conservation until CH 4 was effectively available in the cultivation broth. 414
Interestingly, the intensity of the induction of the pmoA gene during the first 12 -24 h of 415 the feast period was higher in STRs 2 and 3. Thus, based on the lowest pmoA 416 mRNA/DNA ratio at the end of the famine cycle (t =120 h for STR 1) or immediately 417 after the resumption of CH 4 supply (t = 0.03 h for STRs 2 and 3), the maximum pmoA 418 mRNA/DNA ratio recorded during the feast period increased over one order of 419 magnitude in STR 1 (from 1.3 10 -4 to 1.6 10 -3 ), two orders of magnitude in STR 3 420 (from 6.9 10 -7 to 5.3 10 -5 ) and four orders of magnitude in STR 2 (from 4.4 10 -7 421 to 2.1 10 -3 ) ( Table 1) feast-famine cycle) prevail, due to the high energy costs associated to an unnecessary 437 pmoA transcription during the famine period. In STR 2 and STR 3, methanotrophs 438 avoided such long-term energy cost by finely regulating the quantity of pmoA 439 transcripts necessary for CH 4 oxidation activity, which likely entailed maximal 440 metabolic costs through transient induction of the pmoA gene during the first hours 441 following the restoration of CH 4 supply (Fig. 5 ). This metabolic cost is typically 442 determined by the duration of this transient expression (Lambert and Kussel, 2014) and 443 likely, by the intensity of the induction. In this study, STR 2 exhibited a stronger but 444 shorter induction compared to STR 3, although both units experienced a higher 445 induction than STR 1 during the recovery of CH 4 oxidation (Fig. 5, Table 1 ). These 446 results suggest an adaptation of methanotrophs to a cyclic fluctuating environment 447 (feast-famine) by adjusting pmoA gene expression levels, and confirm that gene 448 expression levels may be evolutionarily tuned not only to support growth in a single 449 environment, but also to provide cells' progeny with memory of past environments 450 (Lambert and Kussel, 2014). 451
Conclusions

452
This study demonstrated at a macroscopical and molecular level the robustness of CH 4 -453 treatment biotechnologies towards sudden or cyclic fluctuations in pollutant load 454 regardless of the previous operational mode (continuous in STR 1, feast-famine in STRs 455 2 and 3). The steady-state CH 4 biodegradation performance was recovered within the 456 first 1.5 -2 h after CH 4 resumption concomitantly with a maximum in pmoA gene 457 expression, which suggested a rapid response of methanotrophs to CH 4 availability. 458
Although a comparable recovery capacity was recorded in the three STRs, two different 459 strategies against CH 4 deprivation were observed as a result of the previous operational 460 mode. Thus, methanotrophs in STR 1 maintained high basal levels of pmoA expression 461 as a strategy to be set to rapidly oxidize CH 4 upon replenishment. On the contrary, 462 methanotrophs in STR 2 and STR 3 reduced their basal levels of expression of the impacted or not on the maximum CH 4 biodegradation capacity of the methanotrophs fed 466 continuously or under a feast-famine regime was impossible to elucidate in this work 467 due to ultimate occurrence of CH 4 mass transfer limitations (similarly to the scenario 468 encountered in biofilters or biotrickling filters). Overall, this work consistently 469 demonstrated the outstanding robustness of methanotrophs, whose metabolism was not 470 significantly damaged under 5-days starvation periods and fully recovered within 1.5 -471 2 h after CH 4 supply resumption. 472 Table 1 . mRNA / DNA ratios (copy mg VSS -1 ) obtained by qPCR during the robustness analysis of the three STRs.
Figure Captions
Time (h)
pmoA mRNA /DNA ratio (copy mg VSS -1 )
STR 1 STR 2 STR 3
Famine -1.7 4.3 10 -4 (3.4 10 -5 ) 1.5 10 -5 (2.2 10 -6 ) 2.9 10 -5 (5.0 10 -6 ) 0.03 2.8 10 -4 (3.4 10 -5 ) 5.9 10 -6 (4.4 10 -7 ) 1.7 10 -5 (1.5 10 -6 ) 0.25 4.8 10 -4 (5.9 10 -5 ) -1.3 10 -5 (3.9 10 -7 ) 0.5 9.3 10 -5 (1.4 10 -5 ) 1.5 10 -5 (1.2 10 -5 ) 3.5 10 -5 (3.5 10 -6 ) 1 1.7 10 -4 (1.2 10 -5 ) 8.1 10 -6 (9.5 10 -7 ) 4.0 10 -5 (5.1 10 -6 ) 1.5 2.1 10 -4 (3.3 10 -5 ) 1.1 10 -5 (1.5 10 -6 ) 8.5 10 -5 (4.6 10 -6 ) 2 4.3 10 -4 (7.1 10 -5 ) 1.1 10 -5 (2.4 10 -6 ) 3.0 10 -5 (4.1 10 -6 ) 6 5.7 10 -4 (9.8 10 -5 ) 5.8 10 -6 (5.2 10 -7 ) 1.8 10 -5 (1.3 10 -6 ) 12 4.4 10 -4 (7.4 10 -5 ) 1.2 10 -5 (1.6 10 -6 ) 4.8 10 -6 (7.9 10 -7 ) 24 1.4 10 -4 (2.0 10 -5 ) 5.8 10 -6 (3.5 10 -7 ) 1.3 10 -5 (4.9 10 -7 ) 72 2.4 10 -4 (3.9 10 -5 ) 5.5 10 -6 (4.4 10 -7 ) 3.2 10 -6 (5.0 10 -7 ) 120 = -2.3 1.3 10 -4 (1.7 10 -5 ) 2.9 10 -6 (2.2 10 -7 ) 2.0 10 -6 (6.0 10 -7 )
Feast 0.03 2.0 10 -4 (1.6 10 -5 ) 4.4 10 -7 (8.8 10 -8 ) 6.9 10 -7 (1.5 10 -7 ) 0.25 5.2 10 -4 (3.0 10 -5 ) 4.2 10 -6 (2.5 10 -7 ) 1.3 10 -6 (2.5 10 -7 ) 0.5 4.9 10 -4 (7.9 10 -5 ) 1.8 10 -5 (3.3 10 -6 ) 1.2 10 -5 (1.4 10 -6 ) 1 5.4 10 -4 (1.1 10 -4 ) 2.8 10 -4 (2.2 10 -5 ) 1.6 10 -5 (4.3 10 -7 )
1.5 1.1 10 -3 (1.3 10 -4 ) 2.1 10 -3 (2.5 10 -4 ) 8.7 10 -6 (1.8 10 -6 ) 2 1.6 10 -3 (9.1 10 -5 ) 2.9 10 -4 (2.4 10 -5 ) 4.7 10 -5 (8.8 10 -6 ) 6 7.7 10 -4 (6.6 10 -5 ) 1.1 10 -4 (1.3 10 -5 ) 5.3 10 -5 (4.4 10 -6 ) 12 5.5 10 -4 (6.1 10 -5 ) 2.3 10 -5 (2.4 10 -6 ) 2.5 10 -5 (2.9 10 -6 ) 24 1.9 10 -4 (1.7 10 -5 ) 8.1 10 -6 (1.2 10 -6 ) 1.2 10 -5 (2.5 10 -6 ) 72 2.4 10 -4 (1.9 10 -5 ) 4.9 10 -5 (8.9 10 -6 ) 1.6 10 -5 (1.3 10 -6 ) 120 3.2 10 -4 (2.7 10 -5 ) 2.4 10 -5 (5.1 10 -6 ) 2.9 10 -5 (5.0 10 -6 ) Tables Rodriguez et al  Click here to download Table: Tables.docx 
